The 2 cryptic species of multimammate mice that occur widely in South Africa were, for many decades, lumped in a single species Mastomys natalensis sensu lato. This taxon was intensively studied because these rodents play a role in the epidemiology of various zoonoses (notably bubonic plague), serve as important models for biomedical research, and also sometimes cause extensive agricultural damage. The discovery that M. natalensis sensu lato includes 2 cryptic species in southern Africa has complicated interpretation of the results of past research because previous studies may have been based on either M. coucha or M. natalensis, or even on specimens of both species. A previous study aimed at craniometrically distinguishing between these species in South Africa met with some success, but excluded subadult specimens (which constitute a large proportion of museum collections), and cautioned that intraspecific variation might hamper interspecific discrimination. We therefore studied the nature and extent of nongeographic craniological variation using 2 populations of each species. The discriminatory value of a putative diagnostic dental character (presence or absence of t3 cusp on M3) is limited because of considerable variation within and among populations of M. coucha. Sexual dimorphism is negligible in both species, whereas age-related variation is pronounced and involves mainly differences in overall size, as well as some subtle differences in the configuration of the interorbital, postpalatal, and dental regions. Multiple discriminant function analyses aimed at craniometrically distinguishing between the 2 species showed that the inclusion of subadult specimens reduced a posteriori classification accuracy below 95% confidence levels, implying that age-related variation is sufficiently pronounced to obscure interspecific craniometric differences. Future studies aimed at craniometrically distinguishing between these cryptic species will, therefore, have to statistically correct for age-related variation.
Mastomys coucha and M. natalensis are sibling species of multimammate mice that are common in large parts of South Africa, Zimbabwe, and Namibia, with M. natalensis also ranging northward through much of sub-Saharan Africa (Granjon et al. 1996 (Granjon et al. , 1997 . For many decades these taxa (together with various others) were lumped in what was thought to be a single species (M. natalensis sensu lato). This taxon was the subject of much research because of the role of multimammate mice in transmitting various zoonoses (notably bubonic plague) to humans (Davis 1964; Higgins-Opitz et al. 1987) , and their propensity to reproduce rapidly under certain environmental conditions, leading to population irruptions that cause severe damage to standing crops and losses of stored grain (Leirs et al. 1996; Skinner and Chimimba 2005) . Individuals sourced from some populations in South Africa also feature highly in biomedical research because they are uniquely susceptible to adenocarcinoma of the glandular stomach (which is rare in most species except humans) and various other tumors, making them useful models for cancer research (Murray 1980; Soga and Karaki 1980; Soga and Tazawa 1980) This research has resulted in large museum collections of voucher specimens.
Since the late 1970s, however, the application of cytogenetic and electrophoretic methods for resolving taxonomic issues revealed that M. natalensis sensu lato was a species complex comprising at least 8 cryptic species that, although morphologically difficult to distinguish, differ in diploid chromosome number (2n) and fundamental number, hemoglobin electromorphs and allozyme properties, or both (Gordon 1978; Green et al. 1980; Hallett 1977; Duplantier et al. 1990 ). More recently, it has also been shown that 4 of these cryptic species also differ in mitochondrial cytochrome-b sequences (Lecompte et al. 2005) . The 2 species (M. natalensis and M. coucha) under investigation here also differ subtly in bacular and sperm morphology, ultrasonic vocalizations, and courtship behavior (Apps et al. 1990; Gordon and Watson 1986) .
Two of these species occur in South Africa, with a broad pattern of geographic segregation along the eastern Great Escarpment: M. coucha (2n ¼ 36; ''fast'' hemoglobin electromorph) in grassland and arid savanna habitats above the Great Escarpment that receive less than 600 mm of rainfall per year; and M. natalensis (2n ¼ 32; ''slow'' hemoglobin electromorph) at lower elevations in moister savanna habitats of the eastern coastal region and northeastern South Africa that receive more than 700 mm of rainfall per year (Dippenaar et al. 1993) . Based on limited numbers (,300) of cytogenetically identified specimens, these species occur together at only 5 widely separated localities (Dippenaar et al. 1993; Venturi et al. 2004 ), but more collecting will probably reveal additional areas of sympatry. An important consequence of this geographic separation is that M. coucha may be the main vector of bubonic plague in South Africa, because the distribution of plague cases (in the region receiving 123-613 mm of rainfall per year) broadly coincides with the range of only M. coucha, which also is experimentally more susceptible to plague infection than is M. natalensis (Davis 1964; Isaäcson et al. 1981; Shepherd et al. 1986 ).
The discovery that M. natalensis sensu lato includes 2 cryptic species in southern Africa has complicated interpretation of the results of past research on multimammate mice in the subregion, because previous studies may have been based on either M. coucha or M. natalensis, or even on specimens of both species. Studies for which no voucher specimens were retained cannot be assigned unambiguously to either species on the basis of geography because their distributional limits remain uncertain (Venturi et al. 2004) . Furthermore, despite the reported differences between M. coucha and M. natalensis, they cannot be easily distinguished using external morphology or cranial characters, so it is difficult to assign voucher specimens to either species unless cytogenetic or molecular data or both also were recorded. Consequently, it is problematical to decide which species was involved, even for many studies that did retain voucher specimens, and the wealth of potential information inherent in large museum collections remains untapped. Although modern molecular techniques could be adapted for museum specimens (Lecompte et al. 2005) , the effort and costs involved would be immense given the many thousands of specimens involved. Dippenaar et al. (1993) employed multivariate statistical procedures to show that cytogenetically identified M. coucha and M. natalensis in South Africa indeed differ subtly in cranial morphology, and presented a discriminant function algorithm for assigning specimens of unknown cytotype to either species with at least 90% confidence. However, they cautioned that potential geographic variation in either or both species could introduce error into this identification procedure, and also that it applies only to adult specimens. Including nonadult specimens, which constitute a substantial proportion (.40%) of museum specimens, could thus introduce significant agerelated craniometric variation, which might also confound the statistical identification of specimens for which cytogenetic, electrophoretic, or molecular data are not available.
Age is often a major source of morphometric variation in rodents, which continue to grow cranially for some time after they become trappable and are added to museum collections (Dippenaar and Rautenbach 1986 ). Significant age-related craniometric variation has been recorded in several southern African murids, such as the Namaqua rock rat (Micaelamys namaquensis), red veld rat (Aethomys chrysophilus), southern African spiny mouse (Acomys spinosissimus), Cape spiny mouse (Acomys subspinosus), and the water rat (Dasymys incomtus- Chimimba and Dippenaar 1994; Dippenaar and Rautenbach 1986; Mullin et al. 2001) . Sexual dimorphism has been documented as an important factor in several other southern African small mammal taxa, such as the Hottentot golden mole (Amblysomus hottentotus -Bronner 1996) and swamp musk shrew (Crocidura mariquensis -Dippenaar 1977) , and is the norm in carnivores (Straney 1978) , although exceptions do occur (Taylor and Meester 1993) . Consequently, it is important to assess the extent of nongeographic variation before examining patterns of geographic and interspecific morphometric variation (Mayr and Ashlock 1991) . Failure to do so may lead to the misinterpretation of results because pronounced intrapopulation variation may obscure geographic and interspecific differences (Dippenaar and Rautenbach 1986; Patton and Rogers 1983) .
The extent of nongeographic variation in M. coucha and M. natalensis has not yet been established, but given patterns of craniometric variation in other small mammals we predicted that age-related variation is pronounced in both M. coucha and M. natalensis. Here, we test this prediction using cytogenetically identified specimens representing 2 populations of each species, and also assess if nongeographic variation in cranial morphology is sufficiently pronounced to obscure patterns of geographic variation and interspecific discrimination.
MATERIALS AND METHODS
Some authors view nongeographic variation as a composite of genetic and nongenetic components (Mayr and Ashlock 1991) , but others consider it in terms of age, sex, season, cohort, or individual variation (Patton and Rogers 1983; Robbins 1973; Taylor and Meester 1993; Van der Straeten and Dieterlen 1992) . Because sample sizes are often too small to allow examination of non-geographic variation at the levels of seasonal cohorts or individuals, most studies are restricted to analyses of age-and sex-related differences (Chimimba and Dippenaar 1994; Dippenaar 1977; Dippenaar and Rautenbach 1986; Robinson and Dippenaar 1987; Taylor and Meester 1993) . Similarly, in our study sample sizes were restrictive and consequently nongeographic variation was assessed only at the levels of age variation and sexual dimorphism.
Material examined.-Five hundred sixty-nine cytogenetically identified specimens of M. natalensis and M. coucha (Appendix I) were examined to evaluate the taxonomic utility of a qualitative dental character (see below). Patterns of nongeographic craniometric variation were examined in the only 4 populations with adequate sample sizes, namely: M. coucha from Groot Marico, North West Province (n ¼ 48), and Pretoria, Gauteng (n ¼ 44); and M. natalensis from Barberton, Mpumalanga (n ¼ 44) and Durban, KwaZulu-Natal (n ¼ 23).
Toothwear classes. -Morris (1972) questioned the reliability of toothwear as a measure of age because it is influenced by environmental factors such as diet and habitat. However, toothwear is the only practical and simple criterion for aging museum specimens, and has been widely applied in rodent taxonomy (Chimimba and Dippenaar 1994; Dippenaar and Rautenbach 1986; Verheyen and Bracke 1966) . Fig. 1 illustrates the left upper toothrow of a murine rodent and cusp terminology followed here.
Specimens were allocated to 1 of 6 toothwear (TW) classes according to the degree of wear on the cusps of the 1st upper molar (Fig. 2) , and hence increasing age, using criteria modified from Verheyen and Bracke (1966) . Cusp and dental terminology follow de Graaff (1981).
1. TW 1: M1 unerupted or in the process of erupting; t1, t2, and t3 in the 1st row of M1 high and well separated.
2. TW 2: t1, t2, and t3 in the 1st row of M1 connected by poorly developed dentine bridges. 3. TW 3: t1, t2, and t3 in the 1st row of M1 connected by well-developed dentine bridges; lamellae 2 and 3 separated by a distinct groove. 4. TW 4: groove separating the 2nd and 3rd lamellae worn on the lingual side of the molar, but dentine of the cusps is not continuous. 5. TW 5: dentine of the 2nd and 3rd lamellae in contact. 6. TW 6: bottom of groove between lamellae 1 and 2 is reached and the tooth is extremely worn, the layer of enamel on the outer rim of the tooth is interrupted.
These toothwear classes are considered arbitrary because there are no known-age specimens of M. natalensis sensu lato available for calibration purposes. Consequently, these toothwear groups serve only to reflect the relative ages of specimens.
Incidence of t3 cusp on M3.-Qualitative dental characters, in particular cuspidation patterns on the occlusal surfaces of the cheek teeth, have traditionally been used as diagnostic tools in rodents (de Graaff 1981; Skinner and Chimimba 2005) . Despite the advent of molecular tools for confirming the specific identity of live individuals (e.g., Gordon and Watson 1986) , the identification of museum specimens, particularly of cryptic species (such as M. coucha and M. natalensis), is currently possible only through the use of morphometric procedures or reliable qualitative characters. Pocock (1993) claimed that M. natalensis and M. coucha can be distinguished by the presence or absence of a t3 cusp on the 3rd upper molar (Fig. 1) , with at least 90% accuracy. He observed from positively identified specimens of both species that M. coucha has a t3 cusp, which is lacking in M. natalensis. However, the ostensible reliability of this diagnostic character has not been independently tested. Accordingly, all cytogenetically confirmed specimens of M. coucha and M. natalensis were examined for this character. Cranial measurements.-Fourteen cranial and dental measurements were adopted directly from Dippenaar et al. (1993) and are shown in Fig. 3 . Three additional measurements (postpalatal length [PPL] , postpalatal width [PPW] , and palatal length [PAL] ) also were taken because measurements from this region loaded highly in principal component analyses (PCAs), indicating their importance in interspecific discrimination (Dippenaar et al. 1993) . All measurements were recorded to the nearest 0.01 mm with Mitutoyo digital calipers (model 500-231; Mitutoyo UK, Andover, United Kingdom) linked directly to a customized DBase 3þ program (Ashton-Tate Software Inc., Culver City, California) by a Mitutoyo Interface (model MRS 232).
The accuracy and precision of these measurements was evaluated following the technique of Taylor et al. (1990) . Accuracy, defined as the correspondence between replicate pairs of measurements taken independently by 2 or more persons, was quantified by computing Pearson's correlation coefficients (r) of the same 14 measurements taken independently by Dippenaar et al. (1993) and ourselves. Correlation coefficients (r) ranged from 0.67 to 0.99, and 12 measurements indicated very high correlation (r ; 0.95) between the 2 data sets (Table 1) .
Precision was quantified by calculating an index of measurement error using replicated data for the 17 variables for 8 specimens of both M. coucha and M. natalensis. Measurement error of the variables ranged from 1.3% to 9.8% (Table 1) , well within the limits (,15% of the variable range) of reliability for the meaningful analysis of biological trends (Taylor et al. 1990 ).
Statistical analyses.-Although univariate methods, such as 2-way analysis of variance (ANOVA) and coefficients of variation (Genoways and Jones 1972; Robbins 1973) , have been used to test for significant nongeographic variation, Leamy (1983) and Straney (1978) criticized these on the grounds that unequal sample sizes may cause factors in ANOVA to be dependent. They instead proposed the use of percentage contribution of sum of squares (%SSQ), and variance partitioning, respectively. Variance partitioning is computationally involved, whereas %SSQ can be computed directly from a conventional 2-way ANOVA Dippenaar et al. (1993) . 1. GLS ¼ greatest skull length; 2. CBL ¼ condylobasal length; 3. DIAS ¼ greatest length of diastema; 4. MTR ¼ greatest length of the maxillary toothrow at the level of alveoli; 5. APF ¼ greatest length of the palatal foramina; 6. GBP ¼ greatest breadth of the palate; 7. IOB ¼ interorbital breadth; 8. ROST ¼ rostrum width; 9. DOB ¼ greatest depth of braincase; 10. BRBR ¼ greatest width of braincase; 11. MAST ¼ width of braincase across mastoids; 12. MDT ¼ greatest length of the mandibular toothrow at the level of alveoli; 13. MDH ¼ greatest height of mandible; 14. MDL ¼ greatest length of mandible including principal lower incisor; 15. PPW ¼ postpalatal width; 16. PAL ¼ palatal length; 17. PPL ¼ postpalatal length. Dippenaar et al. (1993) and ourselves. Precision was calculated using the formula of Taylor et al. (1990) and is expressed as a percentage of range of each measurement. Dashes (-) indicate a lack of accuracy data for measurements not taken by Dippenaar et al. (1993) . Measurements are as defined in Fig. 3 (Willig et al. 1986 ), regression analysis (Thorpe 1976) , and PCA (Leamy and Thorpe 1984) , to explore patterns of nongeographic variation. Analyses in this study included both univariate and multivariate methods, undertaken with STATISTICA version 7 (StatSoft 2004). For univariate analyses, data initially were screened for outliers and individuals showing significant (P , 0.05) outlier values were included in the analyses after being remeasured or reaged. All 4 population samples satisfied randomness tests, and none of the samples showed statistically significant departures from normality when evaluated by kurtosis (g1), skewness (g2), and Kolmogorov-Smirnov D-statistics. Similarly, data for all 4 samples satisfied the ANOVA assumption of homogeneity of variance, as indicated by Levine's test.
The 2 samples of M. coucha were subjected to 2-way ANOVA to examine variation due to sex and age variation simultaneously, and the %SSQ of each source of variation to the total %SSQ was computed from ANOVA tables. However, sample sizes for most age-sex groups in the samples of M. natalensis samples were too small for the simultaneous analysis of sexual dimorphism and age variation by 2-way ANOVA. Consequently, sexual variation was 1st assessed by 1-way ANOVA of TW3 specimens of males and females. The apparent lack of significant sexual differences between these samples, as well in the M. coucha samples, justified pooling of sexes, thereby allowing subsequent 1-way ANOVA of toothwear classes, but without a breakdown of %SSQ. When significant differences were indicated by ANOVA, a posteriori Student-Newman-Keuls (SNK) multiple range comparison tests were used to identify maximally nonsignificant subsets.
For multivariate assessments, specimens with more than 2 missing measurements were excluded from analyses. Variation due to sex and age was 1st examined by PCA and unweighted pair-group method with arithmetic mean (UPGMA) cluster analyses based on Euclidean distances or correlation coefficients computed from standardized data. Multiple discriminant analysis (MDA) and canonical variate analysis (CVA) based on TW1  12  2  14  1  11  12  TW2  57  17  74  1  21  22  TW3  93  30  123  6  135  141  TW4  24  26  50  1  46  47  TW5  1  17  18  1  8  9  TW6  1  13  14  1  8  9  Females  95  49  144  6  128  134  Males  93  56  149  5  101  106   Total  188  105  293  11  229  240 unstandardized data also were used to assess the statistical integrity of sex-age groups, and multivariate analysis of variance (MANOVA) was used to test for significant differences among group centroids. These multivariate methods allowed the inclusion of toothwear classes that had inadequate sample sizes (e.g., TW1, TW2, and TW6 in the Pretoria sample) for 2-way ANOVA.
RESULTS
Incidence of t3 cusp on M3.-In both populations of M. coucha studied, the incidence of the t3 cusp was high (.66% of specimens) in TW1-3, but markedly lower in TW4, TW5, or both (Table 2a ). The incidence of the t3 cusp was independent of sex, and also of toothwear in the Groot Marico sample (v 2 ¼ 5.51, d.f. ¼ 3, P . 0.05), but in the Pretoria sample the incidence of this cusp was not independent of toothwear (v 2 ¼ 54.01, d.f. ¼ 3, P , 0.001). However, in the M. natalensis samples, the t3 cusp was either absent (Barberton) or present in only a few specimens (Durban), and its incidence was independent of toothwear and sex in the Durban population.
Given the small sample sizes for some toothwear classes in these 4 populations, we also assessed incidence of the t3 cusp in both species based on all available cytogenetically identified specimens from South Africa (Table 2b ). In M. coucha, the incidence of the t3 cusp was high (.75% of the specimens) in TW1-3, but declined markedly through TW4-6 (Table 2) . Although the frequency of the t3 cusp did not differ significantly between males and females, its incidence was not independent of toothwear class (v 2 ¼ 11.45, d.f. ¼ 5, P , 0.001). Conversely, the incidence of the t3 cusp in M. natalensis was much lower (,5% of the specimens) than in M. coucha, and was independent of toothwear class (v 2 ¼ 2.82,
These results partially support Pocock (1993) in that frequency of the t3 cusp is significantly higher in M. coucha than in M. natalensis (v 2 ¼ 124.8, d.f. ¼ 11, P , 0.001). However, the incidence of this cusp is influenced largely by toothwear, making it of limited diagnostic value for relatively older specimens (TW4-6; see Fig. 2 ). Furthermore, the variability of this character in M. coucha is too high (.10%) within populations, and in toothwear groups where occlusal attrition is minimal, to justify its use for identification purposes.
Variation within M. coucha.-Model 1 of the 2-way ANOVA indicated negligible sexual size dimorphism, with only 2 measurements differing between the sexes in the Groot Marico population (DOB and MAST), and 3 (IOB, MDH, and PPL) in the Pretoria population. However, age-related variation was pronounced, with significant (P , 0.05) differences among toothwear classes in 13 measurements of the Groot Marico population (Table 3) , and in 14 measurements of the Pretoria population (Table 4) . IOB and PPW did not differ significantly among toothwear classes in both populations, a trend evident also for maxillary and mandibular toothrow lengths (MTR and MDT) in the Groot Marico population and MDH in the Pretoria population.
Age also gave higher %SSQ values than sex for most measurements (Fig. 4) : in the Groot Marico sample, age %SSQ (0.5-45.3%) was greater than that for sex (0.1-18.8%) in 13 measurements, and exceeded 15% for 12 of these measurements; whereas in the Pretoria sample, age %SSQ (21.0-35.8%) for 14 measurements exceeded that of sex (0.1-19.9%) and exceeded 15% in 15 measurements. Residual %SSQ values were larger than the sex and age components combined for all measurements, and exceeded 50%; these values are an index of unexplained variation. Sex-age interaction %SSQ in the Groot Marico sample was negligible (,5%) for all measurements except MDH, and although these values were generally higher in the Pretoria population, only 3 measurements (IOB, APF, and MDT) showed a significant age-sex interaction. Student-Newman-Keuls multiple range comparison tests for toothwear variation in both populations showed the same trend, whereby TW4 or TW5 specimens were significantly larger than TW2-3 individuals in most measurements (Tables 3 and 4) , except for MDL, which differed significantly among all toothwear classes in the Groot Marico sample, and GBP, which showed broadly overlapping subsets in the Pretoria sample.
Principal component analyses resulted in some separation of the toothwear classes along PCA axis I (PCAI) in both samples of M. coucha (Fig. 5) . In the Groot Marico population TW4 specimens tended to plot to the left of TW1-3 specimens along PCAI, but no separation along PCAII was evident. Similarly, in the Pretoria population TW4 and TW5 specimens plotted to the left of TW1-3 specimens along the 1st axis. TW5 specimens also tended to plot above most TW1-4 specimens along PCAII, although this might be an artifact of small sample size for TW5 (n ¼ 3 specimens with complete measurements). There was no clear separation of sexes along either axis in either population.
The first 2 components accounted for 72.8% of variance in the Groot Marico sample and 78.3% of variance in the Pretoria sample. Eigenvalues exceeded 1 for only the first 3 components in both analyses, but only the first 2 components explained .5% of variance, and comparisons of subsequent axes for both populations revealed no apparent separation of specimens according to toothwear class or sex. PCAI was primarily a size vector in both populations, as indicated by unipolar (negative) and high (.0.8) loadings for most variables (Table 5) , especially the various length measurements that can be assumed to reflect overall size. All of the measurements that loaded highly on this axis also differed significantly among toothwear classes in univariate analyses (Tables 3 and 4 ). The pattern of separation of toothwear classes along PCAI thus reflects mainly differences in overall size, which decreases from left to right along the 1st axis in Fig. 5 . However, PCAI also conveys shape information because some measurements summarizing cranial width (IOB and PPW) or toothrow lengths (MTR and MDT), or both, which did not differ significantly among toothwear classes in univariate analyses, loaded relatively low and negatively on this axis. The low loadings for IOB and PPW reflect a trend for these width measurements to be proportionately smaller in relation to overall skull length (GLS) in the larger-sized TW4 or TW5 specimens of both the Groot Marico and Pretoria populations.
The MANOVA of males and females indicated no significant sexual differences between the sexes in either the Groot Marico (F ¼ 1.59, d.f. ¼ 1, 17, P . 0.05) or Pretoria (F ¼ 1.23, d.f. ¼ 1, 14, P . 0.5) samples, thus allowing the pooling of sexes to increase sample sizes for discriminant function analyses. Classification analyses of the toothwear classes in the Groot Marico and Pretoria samples resulted in 79% and 78% overall a posteriori classifications, respectively, indicating that toothwear classes are craniometrically well differentiated. With the exception of 1 TW4 Groot Marico specimen incorrectly classified as TW3, and 2 TW4 Pretoria specimens assigned to TW3, misclassifications were within the toothwear classes of TW 1-3 or TW4-6.
In a scattergram comparing canonical variates I and II (Fig. 6) , there was a tendency for TW1-4 specimens from Groot Marico to plot apart along the 1st canonical variate axis (CVI; 76.6% of variance; root significance ¼ 0.05), with minimal overlap of TW4 and TW1-3. Tolerance values exceeded 0.10 for all but 4 variables (GLS, CBL, DIAS, and PAL; range 0.05-0.08), well above the 0.01 critical value for matrix collinearity, indicating that there was not serious redundancy in the data. Exclusion of these 4 variables slightly improved the variance explained (77.0%) by, and significance (P ¼ 0.04) of the 1st root (axis), and raised tolerance values to 0.20-0.65, but did not alter pattern of separation among toothwear groups. Therefore, multicollinearity was not sufficiently pronounced to lead to matrix singularity.
Discriminant function analysis of the Pretoria specimens based on a full data suite terminated because of matrix singularity, with 6 variables having extremely low tolerance values (GLS, CBL, DIAS, PAL, MDL, and PPL). Once these variables were excluded tolerance values ranged from 0.15 to 0.60, indicating there was no further serious redundancy in the data. In a canonical variates scatterplot, the Pretoria toothwear classes tended to plot apart, but with a more complex pattern of separation than was evident in the Groot Marico analysis (Fig.  6 ). TW1 specimens separated from TW2-6 specimens along CVII (19.4% of variance), but this root was not significant and thus this apparent divergence must be treated with caution. TW4-5 specimens tended to plot apart from TW2-3 specimens along CVI (55.8% of variance), this root being highly significant (P ¼ 0.004). The 3 TW6 specimens plotted within the TW4 cluster rather than with the TW5 specimens; whether this is an artifact of small sample sizes, or the result of agerelated deformations, which are common in old rodents (Chimimba and Dippenaar 1994) , is uncertain. MANOVA indicated that the centroids of toothwear classes differed significantly in both samples (Groot Marico: F ¼ 1.97, P , 0.01; Pretoria : F ¼ 1.74, P , 0.01). In general, the same variables that loaded highly on PCAI also loaded high on CVI, with IOB and PPW participating only weakly in the 1st ordination axes for both populations (Table 5) .
Phenograms (not illustrated here) based on UPGMA clustering of Euclidean distances (which reflect similarities on size rather than shape) divided specimens of the Groot Marico and Pretoria populations into 2 major clusters: 1 containing most TW1-3 specimens, and the other most TW4-6 specimens. There was no evidence of grouping according to sex in either phenogram. Phenograms based on correlation coefficients (which generally reflect shape rather than size variation) showed no evidence of clustering on the basis of either sex or toothwear (and thus are not presented here), reaffirming that craniometric variation among the toothwear groups involves primarily size differences. Variation within M. natalensis.-Model 1 of 1-way ANOVA indicated significant differences among toothwear classes in 14 measurements of both the Barberton (Table 6) and Durban (Table 7) populations. As in M. coucha, IOB did not differ significantly among toothwear classes in either population, whereas MDT and BRBR also showed this trend in the Barberton sample, with PPW and PPL showing nonsignificant age-related variation in the Durban sample. SNK multiple range comparison tests showed that in most measurements the smaller-sized TW2-3 specimens formed a subset distinct from the larger-sized TW4-6 individuals.
Principal component analyses resulted in the separation of toothwear classes along the first 2 axes in both the Barberton and Durban populations (Fig. 7) . In the Barberton analysis the 4 toothwear classes plotted apart obliquely along PCAI, with TW2-3 showing minimal overlap with TW4-6 along PCAI (66.7% of variance), but there was considerable overlap of toothwear classes within these 2 major phena. Similarly, in the Durban analysis TW2 and TW3 specimens plotted together and to the right of TW4 and TW5 specimens along PCAI (72.1% of variance), but there was broad overlap of the toothwear classes within each of these phena. There was no clear pattern of separation according to sex in either population. As in the analyses of M. coucha, PCAI was primarily a size vector, as indicated by unipolar (all negative) loadings for all variables, with length measurements that reflect overall size loading highly (.0.8). Separation along this axis thus largely reflects differences in overall size, which decreases from left to right along PCAI in Fig. 7 . The pattern of variable participation in PCAI was similar to that in the 2 populations of M. coucha in that 2 width measurements (IOB and PPW) and 2 toothrow variables (MTR and MDT) loaded low and negative along this axis, indicating a tendency for the larger-sized TW4-5/6 specimens to have proportionately narrower interorbital and postpalatal regions and shorter toothrows than specimens from TW2-3. PCAI is, therefore, not purely a size vector but also summarizes subtle allometric shape differences among the toothwear classes.
Cluster analyses (not illustrated) also indicated age-related divergence among toothwear classes in both the Barberton and Durban populations, but no clear pattern of separation according to sex. In correlation phenograms (not illustrated) there was no clear pattern of grouping according to either sex or toothwear, suggesting that any shape differences were too subtle to influence clustering topography.
The MANOVA indicated significant differences among the centroids for toothwear classes in both the Barberton (F ¼ 2.62, P , 0.01) and Durban (F ¼ 4.43, P , 0.05) samples. Discriminant function analysis resulted in an overall 92.7% a posteriori classification of specimens to their designated toothwear classes in the Barberton population, with only 3 misclassifications (of TW4 specimens to TW3). In scattergrams comparing the first 2 canonical variates for the Barberton sample (Fig. 8) , there was marked separation of the toothwear classes. The TW2 and TW3 classes overlapped broadly along both axes, and plotted well below the other toothwear classes along CVII (21.5% of variance), whereas the TW2, TW5, and TW6 classes plotted apart along CVAI (64% of variance). Only the 1st root (CVI) was significant (P ¼ 0.02), and tolerance values ranged from 0.03 to 0.47. Exclusion of 4 variables (GLS, CBL, PAL, and MDL) with low (,0.05) tolerance values resulted in higher tolerance values (0.15-0.66), improved the variance explained by the first 2 axes (to 87.2%), and rendered the 2nd root significant (P ¼ 0.05) but did not change the pattern of clustering appreciably. Therefore, any collinearity in the full data suite was not sufficiently pronounced to bias the canonical variates results.
Initial analysis of the Durban sample suggested serious redundancy in the full data suite, with 6 variables (GLS, CBL, DIAS, PAL, MDL, and PPL) having tolerance values of ,0.01. These same 6 variables were redundant in the Pretoria population of M. coucha. Omission of these 6 variables removed serious collinearity (tolerance values 0.07-0.40). The overall a posteriori classification of specimens was 100%. In a scatterplot comparing the first 2 canonical variates (Fig. 8) , TW3-5 specimens plotted apart along CVI (69.8% variance; root significance P ¼ 0.04). The TW2 specimens tended to plot below those of the other toothwear classes along CVII (18.3% variance), but because this root was not significant (P . 0.05), this separation has no statistical relevance.
DISCUSSION
Our results for M. coucha and M. natalensis indicated similar patterns of nongeographic variation in both species, characterized by negligible sexual dimorphism but significant agerelated variation among toothwear groups that involved mainly size differences, but also some subtle allometric differences in cranial configuration. In both species, roughly the same set of measurements participated in differentiating toothwear classes, indicating that the nature of nongeographic variation was similar in both species. This concordance probably reflected the close phylogenetic relationship between these cryptic species, as well as similarities in their general ecology, although no data are available to support this claim.
The wider separation of toothwear classes in canonical variate scatterplots in both populations of M. natalensis contrasts with the greater overlap of the toothwear classes, and hence more intergraded variation, in the samples of M. coucha. This suggests that age-related variation was more pronounced in M. natalensis. In the Durban sample, this could be the result of small sample sizes (n ¼ 23) with associated low variances. However, sample sizes for the Barberton population (n ¼ 44) were comparable to those for the Groot Marico (n ¼ 48) and Pretoria (n ¼ 44) samples of M. coucha, suggesting that the greater age-related variation observed in M. natalensis was real rather than a sampling artifact.
The %SSQ results for age-related variation in the 2 populations of M. coucha analyzed during this study were of a similar magnitude to those reported for another murid (M. namaquensis) from South Africa (Chimimba and Dippenaar 1994) , but appreciably lower than those reported by Straney (1978) . The large residuals (unexplained variances) of the measurements utilized in our study indicate that these variables are systematically useful for interpopulational and interspecific comparisons, because the sex-and age-related components are generally small.
That the variables we used are systematically useful is further borne out by the remarkable similarity in the results of univariate assessments and factor analyses during our study, which both show that TW1-3 specimens differ substantially in (mainly) size from TW4-6 specimens. Although size differences appear to be intergraded, as indicated by the lack of clear-cut phena in cluster diagrams, SNK tests showed that TW1-3 specimens are smaller in most measurements than those in TW4-6, and can thus be regarded as nonadults. That such clear-cut univariate results were obtained is testament to how pronounced age-related variation is in both M. coucha and M. natalensis; in most other studies univariate analyses have yielded equivocal results regarding patterns of age-related variation (e.g., Chimimba and Dippenaar 1994; Dippenaar and Rautenbach 1986) , leading Willig and Owen (1987) to claim that univariate analyses of morphometric variation do not emulate the results of multivariate analyses. In the 3 populations for which TW5 or TW6 specimens or both were available (i.e., excluding Groot Marico), there also was a tendency for toothwear classes to plot apart in principal component and canonical variate scatterplots, indicating that age-related variation is pronounced even among adult specimens. A lack of sexual dimorphism but pronounced age-related craniometric differences has been reported for several other southern African murids, including D. incomtus (Mullin et al. 2001) , A. chrysophilus, and M. namaquensis (Chimimba and Dippenaar 1994) , as well as in rodents from outside southern Africa, such as Proechimys brevicauda (Patton and Rogers 1983) and Taterillus gracilis (Robbins 1973) . But is this agerelated variation sufficiently pronounced to interfere with the craniometric identification of specimens using the multivariate technique outlined by Dippennar et al. (1993) ? To test this, we subjected specimens of all toothwear classes from the 4 populations analyzed to a multiple discriminant analysis with a priori groups defined only according to cytotype (i.e., 2n ¼ 32, M. natalensis; 2n ¼ 36, M. coucha). This resulted in an overall 91.7% classification of specimens to their correct a priori groups. When the analysis was restricted to only TW4-6 specimens, however, the overall a priori classification increased to 97.8%. Inclusion of TW1-3 specimens therefore reduced the resolution of statistical identification by 6.1%, to below 95% confidence levels. Similarly, when specimens of each species were subjected independently to discriminant function analysis with populations as the a priori grouping variable, statistical discrimination was increased when TW1-3 specimens were excluded. In M. coucha, the overall a posteriori classification increased from 94.4% to 100% when TW1-3 specimens were excluded from analysis, whereas in M. natalensis the overall classification increased from 85% to 100%. This suggests that geographic variation in both species is pronounced, and that the introduction of age variation (by including nonadult TW1-3 specimens) reduces the power of multivariate discrimination analyses below 95% confidence levels.
Our results thus clearly uphold the hypothesis that nongeographic variation in M. coucha and M. natalensis is dominated by age-related variation, rather than sexual dimorphism, and clearly show that age-related variation is sufficiently pronounced to influence the results of multivariate analyses designed to discriminate between the species, as well as of geographic variation within species. Future attempts to craniometrically identify specimens of unknown cytotype should thus employ statistical methods to adjust for age variation (e.g., regression analyses of transformed characters -Cheverud 1982; Thorpe 1976) so that nonadults, which comprise a substantial proportion of the specimens in museum collections, can be included in statistical identification procedures. Our analyses also indicate that 6 variables (GLS, CBL, DIAS, PAL, PPL, and MDL), which are larger length measurements summarizing overall size, tend to be multicolinear (i.e., have low tolerance values) and introduce redundancy into factor analyses, thus perhaps justifying their omission from future studies on craniometric variation in Mastomys.
One potential source of nongeographic variation that we have not addressed here is differences in the body size of individuals born in different seasons. Seasonal cohorts of M. natalensis in Tanazania, where there are bimodal peaks in rainfall (and hence resource availability), differ significantly in body size and growth rates (Leirs 1994) , and the magnitude of this seasonal variation may eclipse age-and sex-related variation. This is unlikely to be a significant factor in southern Africa, where both M. coucha and M. natalensis have only a single breeding season annually that coincides with a unimodal rainfall pattern peaking in the summer months, from November to March (Bronner et al. 1988) . However, future studies on Mastomys species from tropical Africa where annual rainfall is bimodal should take cognizance of potential seasonal variation by partitioning population samples into seasonal cohorts.
